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The dilepton production in elementary pp ! e+e−X reactions at BE-
VALAC energies Tlab = 1  5 GeV is investigated. The calculations include
direct e+e− decays of the vector mesons 0, !, and , Dalitz decays of the
0-, -, -, !-, and -mesons, and of the baryon resonances (1232);N(1520);
: : : . The subthreshold vector meson production cross sections in pp collisions
are treated in a way sucient to avoid double counting with the inclusive
vector meson production. The vector meson dominance model for the tran-
sition form factors of the resonance Dalitz decays R ! e+e−N is extended
to ensure correct asymptotics which are in agreement with the quark count-
ing rules. By such a modication unied and consistent description of both
R ! Nγ radiative decays and R ! N(!) meson decays is obtained without
introducing new parameters. This provides evidence for the validity of the
quark counting rules in the baryon resonance sector. The eect of multiple
pion production on the experimental eciency for the detection of the dilep-
ton pairs is studied. We found the dilepton yield in reasonable agreement
with the experimental data for the set of intermediate energies whereas at
the highest energy Tlab = 4:88 GeV the number of dilepton pairs is likely
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to be overestimated experimentally in the mass range M = 300  700 MeV.
We thus cannot exclude that the origin of the so called "DLS puzzle" can be
traced back to the elementary pp level and therefore is not a specic feature
of heavy-ion collisions. Further the modication of the pp ! e+e−X cross
section due to a decoherence of the vector meson propagation inside a hot
and dense nuclear medium is discussed.
keywords: pp collisions, transition form factors, dileptons
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I. INTRODUCTION
Relativistic heavy-ion collisions present an unique possibility to create nuclear matter
at high densities and temperatures where the hadron properties become dierent and the
phase transition to quark matter with signatures of the deconnement and restoration of
chiral symmetry is expected. The change of the nucleon mass in the nuclear matter was
implemented into the Walecka model [1,2] already in 1970’s in the framework of the eective
hadron eld theory. Later on this eect was put on the rmer grounds on the basis of
a partial restoration of the chiral symmetry and nite-density QCD sum rules [3,4], the
Nambu-Jona-Lasinio model [5], and eective meson eld theory [2,6,7].
Dileptons (e+e−; +−) are the most clear probes of the high density nuclear matter.
The reason is that the dileptons interact with the matter only by electromagnetic forces
and can therefore leave the heavy-ion reaction zone essentially undistorted by nal state
interactions. They provide valuable information on the in-medium properties of hadrons
and, hence, on the state of matter.
The dilepton spectra from heavy-ion collisions have been measured at two drastically
dierent energies: by the CERES and HELIOS-3 Collaborations at SPS [8,9] (a few hundreds
GeV per nucleon) and by the DLS Collaboration at BEVALAC [10] (a few GeV per nucleon).
In the CERES and HELIOS-3 experiments and in the BEVALAC experiment the production
of dileptons with invariant masses between 300  700 MeV is found to be enhanced as
compared to estimates based on the theoretically known dilepton sources when in-medium
modications of hadron properties are neglected.
The data on the total photoabsorption cross section on heavy nuclei [11] give an evidence
for the broadening of nucleon resonances in the nuclear medium [12]. The physics behind is
the same as in the collision broadening of the atomic spectral lines in hot and dense gases,
discussed by Weisskopf in the early 1930’s [13] (for the present status of this eld, see, e.g.,
[14]). This rather general eect which takes its origin from the atomic spectroscopy should
also lead to a broadening of the -mesons in heavy-ion collisions. Indeed, it was found to be
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sucient to account for the CERES and HELIOS-3 data [15,16].
In the DLS experiment a dierent temperature and density regime is probed. The
enhancement of the dilepton spectra due to the reduction of the -meson mass and the
-meson broadening is not sucient to bring theoretical estimates in coincidence with the
available experimental data [17]. The in-medium -meson scenarios that successfully explain
the dilepton yield at SPS energies fail for the DLS data. This phenomenon was called the
"DLS puzzle". It worthwhile to notice that the nal data from the DLS Collaboration have
changed by about a factor of 5− 7 as compared to the initially reported results. The future
HADES experiment at GSI will study the dilepton spectra at the same energy range in
greater details [18].
A possibility to clarify the origin of the DLS puzzle has appeared since data from ele-
mentary pp (pd) collisions at T = 1 5 GeV (T is the kinetic energy of the incident proton
in the laboratory frame) became available from the DLS Collaboration [19]. The elementary
cross sections enter as an input into the transport simulations of heavy-ion collisions, so
their better understanding is of great value.
The dilepton spectra in the pp collisions at T = 15 GeV are calculated in Refs. [20{22].
In Ref. [20] the agreement achieved with the DLS data is generally good at low energies where
the subthreshold production of nucleon resonances is important. When the energy increases
and the inclusive production becomes dominant, the dilepton yield is underestimated at the
same mass range 300  700 MeV as in the heavy-ion collisions. A signature for this eect
exists also in the calculations of Refs. [21,22]. This can be interpreted to mean that the stud-
ies [20{22] revealed, apparently, the reoccurrence of the DLS puzzle on the elementary level
of the nucleon collisions. They leave, therefore, a doubt on the quality of the experimental
data and/or the reliability of the accepted theoretical schemes.
This paper is devoted to a further going theoretical analysis of the elementary dilepton
production cross sections.
In the next Sect., the production mechanisms are critically revisited. The subthreshold
production cross sections for the vector mesons are treated such that no double counting
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appears with the inclusive processes. The eect of multiple pion production on the experi-
mental detection eciency for the dilepton pairs is also studied. We demonstrate that the
detector eciency is sensitive to the number of pions produced and propose a simple model
to account for the multiple pion production eects.
In the Dalitz decays of the nucleon resonances, R ! Ne+e−, the Vector Meson Domi-
nance (VMD) model is usually applied for description of the resonance transition form fac-
tors. However, the naive VMD which takes the R ! N data as an input fails to reproduce
the radiative decay branchings. In Sect.3, it is extended to ensure the correct asymptotic
behavior of the transition form factors in agreement with the quark counting rules. Such a
modication is sucient to achieve an unied description of both, R ! Nγ radiative decays
and R ! N(!) meson decays without the introduction of new parameters. This provides
evidence for validity of the quark counting rules in the baryon resonance sector. Our esti-
mates of the subthreshold cross sections rely therefore on the two essentially dierent sets
of experimental data, R ! Nγ and R ! N. In Sect.4, we discuss a modication of the
pp ! e+e−X cross section, connected to the decoherence of the propagating vector mesons
in a hot and dense nuclear medium.
The numerical results are discussed in Sect.5. We found that the above improvements
do not eliminate the discrepancy with the DLS data at T = 4:88 GeV. Moreover, the results
for the lowest energy, T = 1:04 GeV, also require an additional study from the experimental
and/or theoretical side.
II. PP !E+E−X REACTION
The dilepton production in nucleon collisions goes through the production of virtual
photons which decay subsequently into e+e− pairs. According to the VMD model, the
virtual photons are coupled to vector mesons V = 0; !;and : The dilepton production can













Here, s is the square of the invariant mass of two colliding protons, M the invariant mass of
the dilepton pair, d(s; M)pp!V X=dM2 is the dierential inclusive vector meson production
cross section, and nV is the average number of additional vector mesons V in the state X.
In the energy range of interest, T = 1 5 GeV, where T is the kinetic energy of the proton







corresponds to the direct V ! e+e− decays, with ΓVtot(M) being the total meson decay
width.
The cross section entering into Eq.(1) can be decomposed into pole and background
parts:
d(s; M)V X = d(s; M)V XP + d(s; M)
V X
B : (3)
The distribution over the meson mass M in the pole part of the cross section has a Breit-
Wigner form corrected to the available phase space for the nal state V X. At moderate
energies, the state X is dominated by two nucleons and pions, so one can write


















s; mN ; mN ; M; ; :::; ) (5)
is the (3 + n)-body phase space of the nal state (two nucleons with masses mN ,
one vector meson V with mass mV ; and n pions with masses ). The value N =
[(
p
s− 2mN −mV )=] is the maximal number of pions allowed by energy conservation,
[x] denotes the integer value of x, and the values wn are the probabilities for the production




wn = 1: (6)












where 0 is the physical threshold for vector meson decays (0 = 2 for the -meson).
Notice that the cross section (3) vanishes at values M < 0. However, the total width
ΓVtot(M) entering into the denominator of the branching ratio (2) at M < 0 vanishes as
well, so that the cross section ( 1) is actually nite everywhere above the two-electron mass.
In the zero-width limit, ΓVtot(M) = 0; Eq.(4) simplies to give
d(s; M)V XP = (s)
V X
P (M
2 −m2V )dM2: (8)
The nite-width eects are important for the -meson and less important for !- and -
mesons.
Experimental data on the exclusive cross sections (s)V XP with X = nNN at n  1






To x all probabilities it is sucient to know the ratio between the exclusive vector meson
production cross section (s)V NNP and the inclusive cross section (s)
V X
P . These two cross
sections are experimentally known [23]. The value N is dened as above by the energy
conservation while the value p can be extracted from the relation
(s)V NNP
(s)V XP
= (1− p)Npi : (10)




nwn = pN: (11)
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In the case of the -meson, the cross section (s)V XP determines the pole behavior of the
total cross section d(s; M)
+−X in the vicinity of the -meson peak. Like for vector mesons,
Eq.(3), the total cross section d(s; M)
+−X for the 2 production can be decomposed into
pole and background parts
d(s; M)
+−X = d(s; M)
0X
P + d(s; M)
+−X
B : (12)
This decomposition is not unique. The -meson contribution, however, can always be
parametrized in a reasonable way. The two terms on the right side of Eq.(12) are thus
xed, but the total cross sections with two pions or a -meson in the nal state must not be
equal, since the +− quantum numbers are not necessarily equal to the quantum numbers
of the -meson (this is the case at the -meson peak only and this is why with V = 0 the
rst terms in Eq.(3) and Eq.(12) coincide). Since the -meson is always detected via 2 nal
states (or via 3 and 2K nal states for !- and -mesons, respectively), the inclusive cross
section for the production of vector mesons which enters into Eq.(1) cannot be uniquely
determined from the experimental side. Instead, one needs a model for the calculation of
the background part of the cross section in Eq.(3). A subtle problem of double counting in
the total dilepton production cross section appears in this way. We discuss and propose a
phenomenological solution for it.
The background term d(s; M)
0X
B at X 6= NN can be saturated, at least partially, by
considering the production of light mesons: pp ! X ! 0γX ! +−γX, pp ! !X !
00X ! +−0X, etc., similarly for the !- and -mesons. The +− invariant masses are
small here, so these processes contribute to the +− background. Eq.(1) can be rewritten
as follows
d(s; M)e
+e−X = d(s; M)e
+e−X
P + d(s; M)
e+e−X
B jX=NN + d(s; M)e
+e−X
B jX 6=NN : (13)
The rst term is the same as in Eq.(1), i.e. with the sum running over all vector mesons,
however, keeping only the pole part of the cross section. In Eq.(13) the background is divided
into contributions from direct decays of intermediate vector mesons, which are o-shell and
8
typically below their physical thresholds (X = NN) and from decays of intermediate mesons,
M, to multi-particle nal states (X 6= NN). In the latter case, the cross section for the


















The sum runs over the mesons M = ; ; ; !; and : Here, nM is the average number
of mesons M in the state X 0. The value  in the last equation describes the distribution
over the o-shell masses of the mesons. For pseudo-scalar mesons, the cross sections due
to their small widths are proportional to the delta-function (2 − m2M) (cf. Eq.(8)) and
the expression reduces to a sum over the on-shell mesons decaying to the states e+eX 00 with
X 00 6= ; X = X 0 + X 00. For vector mesons entering the sum of Eq.(14) one should use the
cross sections (3) whose pole components are well dened.
The contribution to the background part of the cross section (1) with X = NN can
be calculated assuming that it results from subthreshold decays of baryon resonances R =
(1232); N(1520); ::: produced in pp collisions, which decay into nucleons and vector
mesons, R ! NV [22]. In terms of the branching ratios for the Dalitz decays of the baryon





















Here,  is the running mass of the baryon resonance R with the cross section d(s; )pp!pR,
dB(; M)R!V p!e
+e−p is the dierential branching ratio for the Dalitz decay R ! e+e−p
through the vector meson V .
With increasing energy, the vector mesons in Eq.(15) are produced above their physical
masses. In such a case, the subthreshold processes contribute to the pole part of the cross
section d(s; M)e
+e−X ; so that the basic requirement of a saturation of the background from
the subthreshold production is violated. Expression (15) for the background part of the cross
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section (1) with X = NN is valid as long as the energy of the colliding protons is low enough,
T . 1:85 GeV. The inclusive cross sections by denition accounts for all possible sources
for the appearance of on-shell vector mesons, so that a naive extension of the subthreshold
cross section to higher energies would result in a double counting. We thus introduce in










In the vicinity of the pole, its role reduces to the elimination of the vector meson Breit-
Wigner peak. This apparent source of the double counting is thus excluded. Away from
the pole, the suppression factor is close to unity. It does not change therefore results in
the region T . 1:85 GeV where the inclusive cross section is zero and the double counting
problem does not exist.
The meson multiplicities nM in Eq.(14) are set equal to zero except for the neutral
pions. For pions, we assume n0 =
1
2




statistically in the limit n ! 1 from charge conservation which implies that in every
channel the total number of the neutral-pion pairs 00 must be equal to the number of the
charged-pion +− pairs.
There are no experimental data on the pion production inclusive cross section
(s; )
pp!0X at T = 1  5 GeV. There exist, however, experimental data on the two-
pion production cross sections (s; )
pp!NN [24]. The parameter p of the pion number







It can further be used to nd the total inclusive cross section (s; )
pp!0X using the
same relation as in Eq.(10). The results for the pion multiplicities produced in reactions in
accordance with dierent mesons M are summarized in Table 1 for those values of kinetic
energies, T; at which the dilepton cross sections are measured by the DLS collaboration.
We give there also the cross sections obtained from the interpolation and/or extrapolation
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between the available experimental points. The accuracy of these estimates is rarely better
than 20%. For the pion, we give an estimate for the inclusive cross section. Notice that it is
in a reasonable agreement with the prediction from the UrQMD transport [20]. For mesons
M = ; ; !; and ; estimates for the cross sections pp ! MNN are given as derived
from the distribution (9).
Table 1. The maximum number of pions, N; the pion multiplicities, n; and the cross
sections MNN ; MNN ; and MX for the production of mesons M = 0; ; ; !; and  in
the proton-proton collisions for the set of energies T = 1:04, 1:27, 1:61, 2:09, and 4:88 GeV,
at which the dilepton production cross section has been measured by the DLS Collaboration.
The numbers marked by a symbol "#" are predictions based on the statistical distribution
(9).
T [GeV] 1.04 1.27 1.61 1.85 1.85 2.09 2.09 4.88 4.88 4.88 4.88 4.88
M 0 0 0 0  0  0  0 ! 
N 2 3 3 4 1 5 2 11 8 6 6 4
n 0:09 0:20 0:56 0:74 0:26 1:07 0:55 1:80 1:87 1:67 1:36 1:54
MNN [mb] 0:4 0:9 2:7 3:4 0:05#) 4:9 0:11#) 5:8 0:34#) 0:28#) 0:35#) 0:003#)
MNN [mb] 4:5 4:2 3:9 3:8 0:13 3:6 0:14 2:7 0:14 0:12 0:20 0:001
MX [mb] 4:9#) 5:2#) 7:3#) 8:5#) 0:17 12#) 0:27 19#) 1:19 0:94 0:94 0:007
For the mesonic dilepton decays of mesons M! e+e−X; the experimental data exist in
the most cases. The radiative decays M! γX can further be used to calculate the dilepton
decays when the experimental data are not available. For details of the determination of the
various branching ratios see Ref. [25]. The inclusive cross sections for the meson production
and the branching ratios for the mesonic decays to dileptons can be combined to estimate
the dilepton yield from Eq.(13).
The dierential decay branchings dBR!Ne
+e−(; M)=dM2 are calculated in Ref. [22] in a
non-relativistic approximation for the multiple decays with the emission of a massive vector
particle. We follow a similar approach here, however, with a modication of transition
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form factors for the nucleon resonances, R, needed to bring their asymptotic behavior in
the coincidence with the quark counting rules and to provide an unied description of the
radiative and vector meson decays, R ! Nγ and R ! N(!).
III. TRANSITION FORM FACTORS, QUARK COUNTING RULES, AND
RADIATIVE AND VECTOR MESON DECAYS OF NUCLEON RESONANCES
The description of the resonance decays R ! Nγ; γ ! e+e− is usually based on the
VMD model which provides transition form factors RNγ of a monopole form. The pole
corresponds to the masses of the - and !-mesons. This model should give, in principle, an
unied description of the radiative RNγ and the mesonic RNV decays. However, a normal-
ization to the radiative branchings (RNγ) strongly underestimates the mesonic branchings
(RNV ) as we discuss below.
The resonance N(1520) is a case for which both, the N(1520) ! N and N(1520) !
Nγ widths are known with a relatively high precision: B(N(1520) ! N) = 15  25%,
B(N(1520) ! Nγ) = 0:46  0:56 % (pγ mode); 0:30  0:53 % (nγ mode). The branching
ratios of the proton and neutron modes are equal within the experimental errors. This can be
interpreted to mean that the radiative mode is dominated either through the -meson or the
!-meson. The same conclusion is reasonable for other N resonances: B(N(1440)! Nγ) =
0:035 0:048 % (pγ mode); 0:009 0:032 % (nγ mode); B(N(1535) ! Nγ) = 0:15 0:35
% (pγ mode); 0:004  0:29 % (nγ mode), etc. The  decays, on the other hand, proceed
exclusively through the -meson.
However, now the standard VMD model as it has been used in [22] leads to a severe
inconsistency: Using the coupling constant fN(1520)N = 7:0 extracted from the mesonic
N(1520) ! N decay, the branching ratio for the radiative decay can be found to be two
to three times greater than the experimental value. Analogous overestimations are observed
almost for all other N and  resonances for which the experimental N and Nγ data are
available. Table 2 summarizes the results.
12
Table 2. The coupling constants fRN derived from the R ! N mesonic decays are
compared to the coupling constants f γRN xed from the radiative R ! Nγ decays. The
numerical values fRN are taken from Ref. [16], with exception of the (1232) resonance for
which the theoretical value from [15] is given and of the N(1440) and N(1535) resonances
where the results of our calculations are given.






















fRN < 26 7.0 < 2.0 0.9 6.3 7.8 15.3 2.5 5.0 12.2
fγRN 1.3 3.8 1.8 < 0.8 3.9 2.2 10.8 0.7 2.7 2.1
The standard VMD predicts a 1=t asymptotic behavior for the transition form factors.
However, quark counting rules require a stronger suppression at high t. It is known from
the nucleon form factors, the pion form factor, and the !γ and γ transition form factors
that the quark counting rules start to work experimentally at moderate t  1 GeV2: One
can assume that an appropriate modication of the standard VMD which takes the correct
asymptotics of the RNγ transition form factors into account can provide a more accurate
description of the radiative decays of the nucleon resonances.
We propose the following solution of the inconsistency between the RNV and RNγ
decay rates: Let radial excitations of the -meson, the (1450)-meson and (1700)-meson,
interfere with the -meson in radiative processes. However, we know neither the couplings
of the (1450) and (1700) to the resonances (fRN0 ; fRN00) nor the couplings of the (1450)



























where ~m2k = m
2
k − iMΓk with k = ; 0; and 00, 0 and 00 refer to (1450)- and (1700)-












are unknown. According to
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the quark counting rules [26,27], for large and negative M2 the form factors of the RNγ
amplitudes decrease like 1=M6. On the phenomenological level we can attribute such a




























The last two factors in Eq.(19) give the desired modication of the -meson contribution to
the radiative decays of the baryon resonances, as compared to the naive VMD model:
dΓ(R!Ne
+e−)(; M) = dΓ(R!Ne
+e−)(; M)(naive V MD)F(M
2): (20)













The same modication applies to the R ! Nγ decays. The reduction factor in the amplitude
R ! Nγ equals √F(M2 = 0) = 0:56. It is seen from Table 2 that a reduction of about 12
is just what one needs for a consistent description of both, the -meson and the radiative
decay of the N(1520). In all other cases the reduction factor also improves the agreement.
The unobserved RN mode of the resonance N(1535) decay implies apparently that the
RNγ decay goes over an intermediate !-meson. In the case of the (1905) resonance, the
large dierence between fRN and f
γ
RN can be attributed to a further suppression of the
amplitude A(M2) due to the quark counting rules which require a 1=M8 behavior of the






It is seen from Table 2 that the resonances N(1440) and N(1535) do not have exper-
imentally observed N modes. We use therefore the Nγ decays to x the N coupling
constants fN(1440)N = 1:3=0:56 and fN(1535)N = 1:8=0:56. Since fN(1535)N is greater than
2, we set fN(1535)N  0 and introduce the !-meson coupling fN(1535)N! = gωgρ 1:8=0:56. Tak-
ing into account that the production cross sections of the N(1440) and N(1535) resonances
are signicant we expect a noticeable contribution from these two resonances.
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The (1232) resonance is treated in the same way as the other resonances. Finally, we
include 10 resonances listed in Table 2. The numerical results demonstrate that besides the
N(1520) and (1232) resonances, the N(1535) and (1620) have considerable contributions.
It can be seen from Figs.1 and 2 where the resonance contributions are shown for two proton
kinetic energies T = 1:61 GeV and T = 2:09 GeV. At moderate invariant masses M .
0:5 GeV of the dilepton pair, the resonance contributions are dominated by the (1232). At
larger masses M & 0:5 GeV, contributions from the heavier resonances become dominant. In
the case of the N(1535)-resonance, the narrow !-peak reflects the coupling to the !-meson.
In Ref. [21], the N(1520) was considered as the most important source for the subthresh-
old dilepton production. We found that the N(1520) contribution to the cross section is
smaller at T = 1:61 GeV by about a factor of 10 as compared to the results of Ref. [21].
The reduction occurs due to the consistent treatment of the radiative and meson decays
and, secondly, from the proper use of the Breit-Wigner distribution (see Appendix 1). In
the total spectrum, the reduced N(1520) contribution is compensated by contributions from
two other resonances, N(1535) and (1620); which are the dominant modes at large M for
T = 2:09 GeV (see Fig.2).
IV. IN-MEDIUM EFFECT TO THE PP ! E+E−X CROSS SECTION:
DECOHERENCE
It is well known that hadrons change their properties in the medium. Many studies are
devoted to this subject (for a review see [7]). In the present context we want to discuss one
particular aspect of the in-medium modication of the cross section pp ! e+e−X, connected
with the decoherence of vector mesons propagating in a hot and dense nuclear medium.
In the previous Sect., we introduced two radially excited -mesons (1450) and (1700) in
the transition form factors RNγ to ensure the correct asymptotic behavior of the amplitudes
in line with the quark counting rules. Thereby we required the destructive interference of
the ground-state and the excited -mesons. The net eect of this modication results for
15











The summation runs over the mesons ; 0; and 00.
In heavy-ion collisions, the interference between the virtual ; 0; and 00-resonances
produced in the nucleon resonance decays can be destroyed at least partially by interactions
with the hot and dense nuclear medium. In the case of total decoherence, the ; 0; and 00
contributions to the subthreshold part of the cross section pp! e+e−X must be summed









Thus, the total decoherence results in an enhancement of the resonance contributions due
to the presence of the nuclear medium.
It is more adequate, however, to assume that each of the propagated -mesons radiates
e+e− pairs coherently up to the rst collision with a nucleon in the medium and incoherently
afterwards. This leads to the destruction of the coherence of one meson with the other pair
which, itself, may still be in a coherent state.
Now, let’s try to give a more quantitative estimate. Let LR; LD; and LC be the radiation
length, decay length, and collision length of the meson, respectively. The probability to







Normalazing this probability to the total probability of radiation of the e+e− pair,
LD=LR << 1; yields the probability w that the e






The probability 1− w corresponds then to incoherent radiation.
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The collision length LC is dened by the expression LC = 1=(nv), where  is the
cross section, n the nucleon density, v the velocity of the meson. The decay length for
the resonance with life time TD equals to LD = vγTD, where TD = 1=Γ, Γ being the meson
width. All mesons have in general dierent values LR, LD; and LC , so the coherent radiation
probabilities are also dierent.
































Here, the rst term in the nominator corresponds to the probability that all -mesons ra-
diate the dilepton pairs coherently. The second term corresponds to the probability that
the j-th meson decays to the dilepton pair after its rst collision, while the other mesons
radiate before the rst collision. Finally, the last term corresponds to the probability for the
incoherent radiation from all -mesons. Each term in Eq.(26) contains the squares of the
amplitudes according to the proper interference pattern.
In order to estimate the possible eect of the enhancement factor, let us take LD  TD
and vary the collision length LC from 0 (total decoherence) to1 (total coherence). In Figs.3
and 4 we plot the enhancement factors E2(M) and E3(M) as a functions of the running mass
M .
The subthreshold part of the cross section, Eq.(15), is enhanced by E3(M). A similar
eect exists for the cross section (14). The meson decays M ! e+e−X 00 have also well
known constraints to the asymptotic behavior from the quark counting rules and therefore
another type of the interference patterns between members of the -meson family in the
M! e+e−X 00 transition form factors occur.
The decay modes P ! e+e−γ where P = ;  and 0 ! e+e−+− have monopole form
factors in the amplitudes. To get a monopole form factor it is sucient to have just one -
meson. In such a case, no enhancement exists: E1(M)  1. The decay modes V ! e+e−P;
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 ! e+e−+−; 0(!) ! e+e−00; with dipole form factors require the existence of at
least two -mesons. In such a minimal case, these modes are enhanced by the E2(M). The
in-medium modication of the cross section (14) requires therefore to check all channels
entering into this expression and to decide if they belong to the rst class of the processes
with no enhancement or to the second class of the processes with enhancement. We discussed
here the -meson family. This discussion applies to the !- and -meson families as well.
V. NUMERICAL RESULTS
The results for the dilepton spectra are shown in Fig. 3. To compare with the experi-
mental data, the acceptance of the DLS detector with respect to the e+e− pairs that have
invariant mass M , transverse momentum pT , and rapidity y is taken into account. For each
process, the distribution over the pT and y is determined by the available phase space of
the process and then weighted with the lter function f(M; pT ; y) provided by the DLS
collaboration. The details of this procedure are described in Appendix 2. Finally, the nite
mass resolution of the detector, Mexpt =  25 MeV, is taken into account by smearing the
spectra with a Gaussian distribution which corresponds to a standard error of  = 25 MeV.
At the lowest initial kinetic energy of the proton, i.e. T = 1:04 GeV, the cross section
is dominated by the 0-Dalitz decay below M . 100 MeV and by the Dalitz decays of the
nucleon resonances, mainly the (1232)-resonance, at M  200500 MeV. Compared to our
calculation there is an excess of detected e+e− pairs at M & 300 MeV. Earlier calculations
[22] obtained higher cross sections in this mass range. This is due to the normalization to
the R ! N branching ratios within the framework of the naive VMD which overestimates
the radiative decay rates R ! Nγ, as discussed in Sect.3.
At higher initial proton energies, the agreement with the DLS data is generally very
reasonable. The contribution from the -meson Dalitz decay is dominant at M  0:2 −
0:4 GeV, while the Dalitz decays of the baryon resonances dominate at M & 400 MeV.
For the proton kinetic energy T = 2:09 GeV, the inclusive production of the - and !-
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mesons becomes visible at M  800 MeV. The !-meson peak is rather pronounced, whereas
no signature for a peak can be found in the experimental data. In Ref. [20], the !-peak is not
reproduced also, apparently, due to a stronger smearing with a mass-dependent parameter
 = 0:1M . Remarkably, the three highest experimental points at T = 2:09 GeV lie above
the kinematical limit Mmax =
p
s − 2mN  850 MeV and the indicated experimental
error Mexpt =  25 MeV is not sucient to explain their occurrence. We suppose that
the experimental resolution is not good enough to resolve the kinematic threshold and to
observe the !-meson peak.
Finally, at T = 4:88 GeV, the contribution from the inclusive production of the -, -,
and !-mesons becomes dominant at M  300  800 MeV. There is an underestimation of
the dilepton yield in the region M  400 700 MeV. A similar underestimation was found
in [20] both, at T = 2:09 GeV and T = 4:88 GeV. As proposed in Ref. [22], the existing gap
might be lled by the subthreshold dilepton production via the baryon resonances. However,
we were not able to match the data using a consistent description of the photoproduction
data and the R ! N meson decay branchings, with the proper application of the Breit-
Wigner formula (see details in Appendix 1), and removing possible sources for the double
counting. Each of this three aspects leads to a reduction of the dilepton yield. Therefore,
one cannot exclude that the origin of the so called "DLS puzzle" can be traced back to the
elementary pp level and is not a specic feature of heavy-ion collisions. New experimental
measurements of the dilepton cross section, especially at T = 1:04 GeV and T = 4:88 GeV,
would certainly help to clarify this point.
In this context one should be aware that the comparison to the experimental data is
strongly influenced by the acceptance of the DLS detector. In Appendix 2, we discuss the
application of the corresponding lter program [19] for the calculation of the experimentally
measured cross sections. In Fig.7 the eective detector eciency, smeared by a Gaussian
distribution with the standard deviation  = 25 MeV, is shown as a function of the dilepton
mass M for decays  ! γe+e−;  ! γe+e−; and 0(!) ! e+e− at the two highest proton
energies T = 2:09 GeV and T = 4:88 GeV, where the eects of the multiple pion production
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are most important. It can be seen that the eective acceptance decreases with increasing
energy for a xed number of pions in the nal state. On the other hand, when the number
of pions increases, the acceptance increases as well. This can be interpreted to mean that
a larger number of the pions reduces the available phase space for mesons decaying to the
dilepton pairs, and the decays of such mesons can be detected with better eciency.
The eect is particularly strong for the  ! γe+e− decay at T = 4:88 GeV. While the
average pion multiplicity n is around 2; the eective acceptance is extremely small below
n  6. The acceptance is not reliable when it is much smaller than unity. In our case this
happens at n . 6. While the statistical distribution gives here, as we expect, reasonable
estimates, the calculation of the part of the cross section connected to the additional produc-
tion of n . 6 pions turns out to be unreliable. From the other side, at n & 6 the lter is well
dened, but the binomial distribution gives exponentially small probabilities. The highest
part of the pion spectra corresponding to n & 6 also cannot be calculated accurately. So,
we consider the dierence between our results and those of Refs. [20,21] by about a factor
of 3 and those of Ref. [22] by about a factor of 6 as a conservative estimate for uncertainties
inherent in the theoretical calculations for both, the distribution over the pion multiplicities
and the experimental lter acceptance in the region of small invariant masses.
At lower energies, these uncertainties practically disappear. In Fig.7, we show a plot for
the  ! γe+e− decay at T = 2:09 GeV. It can be seen that now already for n = 0 the
eective acceptance is no more extremely small. For heavier mesons, the calculation of the
acceptance is safer, which is again connected with less energy available for the produced
mesons and, respectively, a better eciency for the detection of the dileptons.
For the application of the lter we assumed an isotropic distribution of the particles in the
nal states in the c. m. frame. This is justied at small energies T . With increasing kinetic
energy, the distribution acquires a bias towards the beam direction. This is an additional
source of uncertainties in the calculations of the lter, which can be important at energy
T = 4:88 GeV for the pion Dalitz decays.
The many-body phase spaces entering into Eq.(4) are known to be very sharp functions
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of the arguments. The Breit-Wigner distribution over the dilepton mass, M , gets therefore
an enhancement towards small values of M . The greater the number of pions in the nal
state, the more important is this eect. We found that rare processes with probabilities
wn . 0:03 corresponding to large numbers of pions produced in association with the vector
mesons, that should in principle give small contributions to the total cross sections, become
very important at masses M . 200 300 MeV. The spectral functions of the vector mesons
are not known well far away from the vector meson peaks. This eect is thus beyond the
scope of the present model. It should be analysed separately. In the present calculations,
we apply a 3% criterion to the multiple pion processes: The values wn are set equal to
zero every time when wn < 0:03: This works for the inclusive vector meson production at
T = 4:88 GeV. At smaller energies pions are not produced in association with vector mesons.
Eq.(15) can be modied in a trivial way to include Dalitz decays of the vector mesons
from the subthreshold production. We take into account decays V ! Pe+e− with P = 0
and . Since the Breit-Wigner peak with respect to the running vector meson masses, ,
is eliminated by the suppression factor SV (
2), the corresponding integral over the  is
not constrained as usually around the physical masses of the vector mesons within their
widths. The integral takes its values from a broader interval. For this reason, the decays
V ! Pe+e− can proceed through the on-shell vector mesons, V ! V 0P , V 0 ! e+e−, since
the vector mesons due to the VMD are virtually present in the transition form factors V Pγ.
This is another source of the double counting if one attempts to sum up the subthreshold
production cross section and the inclusive production cross section. To avoid the double
counting, we multiply the results by the suppression factor (16) whose argment now is the
dilepton mass M2. The rst suppression factor is therefore needed to eliminate the peak with
respect to the running mass, , whereas the second suppression factor is needed to eliminate
the peak with respect to the dilepton mass M . We found e.g. that for subthreshold !-
mesons the ! ! e+e−0 decay is more important than the decay ! ! e+e− at T = 4:88
GeV and M . 700 MeV (cf. bold dashed curves #4 and #3 in Fig.6). In other cases, Dalitz
decays of the subthreshold vector mesons are less important than the direct ones.
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VI. CONCLUSION
We have considered the dilepton production in pp collisions at BEVALAC energies. The
subthreshold production of vector mesons through the nucleon resonances is described within
the extended VMD model which allows to bring the transition form factors in agreement
with the quark counting rules and overcome the diculty of a simultaneous description
of the R ! N and R ! Nγ decays. This leads to a sizeable reduction of the N(1520)
contribution to the dilepton spectra. From all other N and  channels which we have taken
into account only the N(1535) and (1620) are relevant for the dilepton production. In this
context we considered also the problem of double counting and provided a possible solution.
The resulting dilepton spectra are reasonably well described at proton energies ranging form
T = 1:04 2:09 GeV. At T = 4:88 GeV we observe still an underestimation in the region of
dilepton masses below the -peak (M  400 700 MeV). We hope that future theoretical
and experimental investigations will clarify this problem.
The presence of a nuclear medium can enhance the yield form the subthreshold vec-
tor meson production through nucleon resonances and the Dalitz decays of mesons. The
extended VMD model requires the destructive interference of two to three intermediate 
mesons which is likely to be destroyed by the surrounding medium. The eect depends on
the relative weights of the dierent channels and the type of the reaction. The possible
enhancement of the cross section in the nuclear medium was estimated within a schematic
model.
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Appendix 1. Breit-Wigner description of resonances
with energy-dependent widths
Let us consider a process with a resonance in the intermediate state. It can be produced
either in a two-body collision or as a result of the decay of a particle or another resonance.
Let the resonance further decay to some specic channel i. The amplitude for the total
process, Mi, i.e. the amplitude for resonance production, propagation, and subsequent
decay to the channel i is a product of the amplitude of its production Mp, the resonance
propagator, and the amplitude of the resonance decay Mid:
Mi =Mp
1
p2 −m2 + (p2)M
i
d (27)
where p is the momentum of the resonance, m is its pole mass, (p2) is the resonance self
energy. The pole mass m is dened such that Re(m2) = 0. In general, Re(p2) starts with
terms of the order O((p2−m2)2): These terms are further neglected. The imaginary part of





































Both denitions of the total width, ΓRtot(p
2) and ~ΓRtot(p
2); can be used in the relativistic
Breit-Wigner formula, but the width should be multiplied by the proper resonance masses,√
p2 (running mass) and m (pole mass), respectively.1
The square of the amplitude M i, integrated over the phase space of the nal particles with
momenta, pkp and p
l
d; and normalized by the corresponding factors for the initial particles,
gives either a cross section (two initial particles) or a width (one initial particle).














where j is the flux of the incoming particles.
Further, we introduce two -functions corresponding to momentum conservation in the
processes of production and decay of the resonance and the running mass M of the inter-
mediate resonance
(4)(p1 + p2 − kpkp − lpld) =
=
∫












(M2 −m2)2 + (MΓRtot(M))2
(33)
where
1In Ref. [21] the combination mΓ

e+e−(p
2) (physical -meson mass and Γ without "˜") has been
substituted into the Breit-Wigner formula. Such a combination leads to an additional factor m=m
in the dilepton production cross section and, consequently, to an overestimation of the dilepton
yield below the -meson peak. We have brought the attention of the authors of Ref. [21] to
this circumstance. Recently, a new paper appeared, Ref. [22], where that inconsistency has been
removed. Notice also that the dilepton mass M appears mistakenly in Eq.(25) of Ref. [21], line 3,
instead of the -resonance mass (cf. Ref. [28], Eq.(9)).
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MΓi(M)  m~Γi(M)  1
2
jMidj2id(M2): (34)
Here, one should also use the partial widths Γi(M); ~Γi(M) with the proper masses M; m:
The similar arguments apply in case of the decay problem.
Appendix 2. Effective filter function
A comparison to the DLS data requires to take the experimental detector eciency
into account. For this purpose a lter function is provided by the DLS collaboration. In
particular at large T (e.g. T = 4:88 GeV) this lter function is not a small correction to the
theoretical calculations but is crucial for the comparison to data. Thus, in this appendix we
discuss the influence of the detector lter in our analysis.
In terms of the c.m. frame momentum variables, the lter function can be rewritten as
f(pT ; y; M) = f(p

T ; y
 + yc; M) (35)
where pT = pT is the transverse momentum of the dilepton pair, yc is the rapidity of the









s−√s− 4m2N ); (36)
T is the proton kinetic energy in the L frame. The distribution of dileptons in the c.m.
frame L is isotropic. This is a universal feature which does not depend on the specic type
of the reactions and is connected to the form of the cross section (4) only. So, we work with
the lter function averaged over the angles in the L frame:
























The problem reduces to nding the dilepton distribution over the dilepton momentum p in
the c.m. frame L.
The probability distribution of the dilepton momentum in the L frame for the direct















s; mN ; mN ; M; ; :::; ):
The eective lter function can be calculated as follows





n (T; M) =
∫
dW (p)f(p; yc; M): (39)
The value of MX is integrated out within the limits 2mN + n  MX 
p
s −M: The
momentum of the dilepton pair p = p(
p
s; M; MX) is given by
p(
p
s; M; MX) =
√





A 100% detector eciency would yield f(pT ; y; M) = 1 and f
eff(T; M) = 1 in virtue of
Eq.(6). The values f effn (T; M) are plotted in Fig.7 for the 
0(!)! e+e− decays for dierent
values of n at energies T = 2:09 and 4:88 GeV.
For the Dalitz decays M!M0e+e−, the probability distribution for the dilepton energy














s; M; MX)2+n(MX :::):
(40)
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Here, k is the four momentum of the dilepton pair, M is the mass of the meson M in the
reaction pp !MX with the subsequent decay M!M0e+e−: In the L frame, the vector
 is dened as  = (1; 0): The coecients Dn are dened as before.
Now we should pass to the rest frame L of the meson M ; where  = γ(1;−nv): The
γ-factor and the velocity v of the meson M in the L frame are determined by equations






The unit vector n shows in the direction of the meson velocity in the L frame. In the meson
rest frame, L, the dilepton pair has momentum k = (;n0p) where
 = (2M + M
2 − 2M0)=(2M);
p = p(M; M0; M):
The function p(:::) is dened earlier. The unit vector n0 shows in the direction of the
dilepton pair momentum in the L frame. In Eq.(40) the value  is the angle between the
directions of the meson velocity in the L frame and velocity of the dilepton pair in the L
frame, so that cos = nn0 and therefore k = γ(; vpcos).


















 − vp)    γ( + vp);
0; otherwise:
(42)
The eective lter function can now be calculated to be





n (T; M) =
∫
dW ()f(p; yc; M): (43)
The values f effn (T; M) are plotted in Fig.7 for the 
0() ! e+e−γ decays for dierent
values of n at energies T = 2:09 and 4:88 GeV.
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It is now sucient to multiply the dierential cross section (1) with the corresponding
eective lter function f eff(T; M) < 1 in order to compare the calculations with the exper-
iment. For the evaluation of the direct contributions one should use expression (39), while
for the Dalitz decays one should use expression (43). The function f eff (T; M) is given by a
two-dimensional integral in Eq.(39) and by a three-dimensional integral in Eq.(43).
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Figure Captions
Fig.1: The dilepton production cross sections pp ! e+e−pp through the nucleon reso-
nances R = ; N; and  at the kinetic proton energy T = 1:61 GeV.
Fig.2: The dilepton production cross sections pp ! e+e−pp through the nucleon reso-
nances at the kinetic proton energy T = 2:09 GeV.
Fig.3: The enhancement factor for transition form factors with the asymptotics 1=t2 due
to decoherence in the propagation of the vector mesons in a hot and dense nuclear medium,
estimated within a schematic model (see Sect.4).
Fig.4: The enhancement factor for transition form factors with the asymptotics 1=t3 due
to decoherence in the propagation of the vector mesons in a hot and dense nuclear medium,
estimated within a schematic model (see Sect.4).
Fig.5: The contributions of dierent channels to the dierential dilepton production
cross section before applying the experimental lter and before the smearing procedure (see
text). The bold curves describe the subthreshold contributions, while the normal curves
describe the inclusive contributions to the cross sections. The solid bold and solid normal
curves correspond to the 0-meson decays 0 ! e+e− (curves #1) and 0 ! e+e−0 (curves
#2). The contribution from the inclusive 0-mesons decaying to the channel 0 ! e+e−
is also shown at energy T = 4:88 GeV by a solid curve in the lower left part of the plot.
The bold dashed and normal dashed curves correspond to the !-meson decays ! ! e+e−
(curves #3) and ! ! e+e−0 (curves #4). In the subthreshold production (the bold dashed
curves), the !-mesons are produced through the N(1535)-resonance. The contribution from
the inclusive !-mesons decaying to the channel ! ! e+e− is also shown at energy T = 4:88
GeV by a dashed curve without number. The dot-dashed curves correspond to the -meson
decays  ! e+e− (curve #5) and  ! e+e−0 (curve #6) at energy T = 4:88 GeV. The
long-dashed curves correspond to the -meson Dalitz decays  ! e+e−γ. The dotted curves
describe the contribution from the 0-meson Dalitz decays 0 ! e+e−γ. The value M is
the dilepton mass.
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Fig.6: The dierential dilepton production cross sections as a function of the dilepton
invariant mass, M , after applying the experimental lter and the smearing procedure (see
text). The bold solid curves are the total cross sections, the solid curves correspond to the
inclusive production, and the dashed curves correspond to the subthreshold production. The
experimental data are from Ref. [10].
Fig.7: The eective acceptance of the DLS detector versus the invariant dilepton mass,
M , for dierent numbers of pions, n, produced in association with the pion 0, -meson,
and 0(!)-mesons at two highest energies T = 2:09 and 4:88 GeV. The numbers over the
curves show the numbers n of the pions.
30
[1] J.D. Walecka, Ann. Phys. (N.Y.) 83 (1974) 491.
[2] S.A. Chin, Ann. Phys. 108 (1977) 301.
[3] E.G. Drukarev and E.M. Levin, JETP Lett. 48 (1988) 338; Nucl. Phys. A511 (1988) 679.
[4] C. Amadi and G.E. Brown, Phys. Rep. 234 (1993) 1;
T. Hatsuda, H. Suomi, and H. Kuwabara, Progr. Theor. Phys. 95 (1996) 1009.
[5] T. Mariuyama, K. Tsushima, and A. Faessler, Nucl. Phys. A535 (1991) 497;
K. Tsushima, T. Maruyama, and A. Faessler, Nucl. Phys. A537 (1992) 303.
[6] G.E. Brown and M. Rho, Phys. Rev. Lett. 66 (1991) 2720.
[7] G.E. Brown and M. Rho, Phys. Rep. 269 (1996) 333.
[8] G. Agakichiev et al., Phys. Rev. Lett. 75 (1995) 1272; A. Drees, Nucl. Phys. A610 (1996)
536c.
[9] M. Masera, Nucl. Phys. A590 (1995) 93c.
[10] R.J. Porter et al. Phys. Rev. Lett. 79 (1997) 1229.
[11] N. Bianchi et al., Phys. Lett. B309 (1993) 5; Phys. Lett. B325 (1994) 333.
[12] L.A. Kondratyuk, M.I. Krivoruchenko, N. Bianchi, E. De Sanctis and V. Muccifora, Nucl.
Phys. A579 (1994) 453.
[13] V. Weisskopf, Physikalische Zeitschrift 34 (1933) 1.
[14] I.I. Sobelman, Introduction to the Theory of Atomic Spectra, Pergamon Press, Oxford e.a.
(1972).
[15] R. Rapp, G. Chanfray, and J. Wambach, Nucl. Phys. A617 (1997) 472.
31
[16] W. Peters, M. Post, H. Lenske, S. Leupold, and U. Mosel, Nucl. Phys. A632 (1998) 109.
[17] E.L. Bratkovskaya and C.M. Ko, Phys. Lett. B445 (1999) 265.
[18] J. Friese for the HADES Collaboration, Progr. Part. Nucl. Phys. (to be published).
[19] W.K. Wilson et al. Phys. Rev. C57 (1998) 1865.
[20] C. Ernst, S.A. Bass, M. Belkacem, H. Stocker and W. Greiner, Phys. Rev. C 58 (1998) 447.
[21] W. Cassing, E.L. Bratkovskaya, M. Eenberger and U. Mosel, Nucl. Phys. A653 (1999) 301.
[22] E.L. Bratkovskaya, W. Cassing and U. Mosel, nucl-th/0008037.
[23] H. Calen et al., Phys. Lett. B366 (1996) 39;
V. Flaminio, W.G. Moorhead, D.R.O. Morrison, and N. Rivoire, Preprint CERN-HERA-84-01,
1984 (unpublished);
E. Chiavassa et al., Phys. Lett. B337 (1994) 192.
[24] J. Bystricky and F. Lehar, Nucleon-Nucleon Scattering Data; Physics Data, edited by H.
Behrens and G. Ebel (Fachinformationszentrum, Karlsruhe), No. 11-2 (1981), No. 11-3 (1981);
F. Shimizu et al., Nucl. Phys. A386 (1982) 571;
L.G. Dakhno et al., Yad. Fiz. 37 (1983) 907;
A. Baldini, V. Flaminio, W.G. Moorhead, and D.R.O. Morrison, Total Cross-Sections for
Reactions of High Energy Particles (Including Elastic, Topological, Inclusive and Exclusive
Reactions), edited by H. Schopper, Landolt-Bornstein, Vol. I/12, Springer, Berlin (1988).
[25] A. Faessler, C. Fuchs and M.I. Krivoruchenko, Phys. Rev. C61 (2000) 035206.
[26] V.A. Matveev, R.M. Muradyan and A.N. Tavkhelidze, Lett. Nuovo Cim. 7 (1973) 719;
S.J. Brodsky and G.R. Farrar, Phys. Rev. Lett. 31 (1973) 1153; Phys. Rev. D11 (1975) 1309.
[27] A.I. Vainstein and V.I. Zakharov, Phys. Lett. 72B (1978) 368.
32
[28] H.F. Jones and M.D. Scadron, Ann. Phys. (N.Y.) 81 (1973) 1.
33


























T = 1.61 GeV
FIG. 1.
34
























































































T=1.04 GeV T=1.27 GeV
T=1.85 GeV


























































T=1.04 GeV T=1.27 GeV
T=1.85 GeV


































0.2 0.4 0.6 0.8 1
M [GeV]












                                        ρ0(ω) −> e+e−











                                     η −> e+e−γ
0.2 0.35 0.5












0.07 0.09 0.11 0.13
T=4.88 GeV
11
10
9
8
7
5
4
3
2
2
1
0
0
1
2
38
0
0
1
2
6
FIG. 7.
40
